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Abstract. Tandem structures can boost the efficiency of organic solar cell to more than 15%, compared to the 10%
limit of single layer bulk heterojunction devices. Design
and fabricating of intermediate layers plays a very important role to achieve high device performance. This article
will review the main experimental progresses of tandem
organic solar cells, and focus on the intermediate layers
(charge recombination layers) in both thermal evaporated
and solution processed organic tandem solar cell devices.
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Introduction

Industrialization and human development of the world have
increased the demands for renewable energy. Renewable
energy has been widely viewed as the grand challenge of
the new century. In 2008, the world’s energy consumption
was 15 Terawatt (TW) per year [1], which is 20 times more
than it was in 1850. 80% to 90% of the energy consumption per year was from the combustion of fossil fuels like
coal and oil, which leave a heavy environmental footprint.
Among all the energy sources, solar energy represents the
most abundant and promising solution. The solar radiation
on the Earth per hour is 14 TW, i.e. almost the same as
the world’s annual energy consumption. In fact, using photovoltaic (PV) modules with 10% efficiency, the total U.S.
energy demand could be met by a 100 mile  100 mile PV
array in Nevada [2]. However, solar photovoltaic only provides 0.04% of the global energy usage. This is largely due
to the high cost of making traditional crystalline silicon solar cells, which represents 90% of the world PV market
just a few years ago. Continuous efforts in lowering the cost
of solar photovoltaic make the thin film technology more
and more popular. Today, the market share of thin film solar cell (mainly by First Solar) is near 20%.
An emerging third generation of photovoltaic technology, organic photovoltaic (OPV), provides promise of a low
Corresponding author: Jinsong Huang, E-mail: jhuang2@unl.edu.
Received: September 6, 2010. Accepted: January 7, 2011.

cost solar photovoltaic solution and attracts significant academic and industry research. The low cost of OPV comes
from several intrinsic advantages of this technology: (a) organic materials are abundant; progress in organic chemistry
forms a solid base for material innovation; (b) OPV materials have much higher absorption coefficients than silicon,
which leads to typical OPV active layer thickness in the
hundreds of nanometer range, resulting in low material consumption; (c) solution processable polymer OPV is compatible with high speed coating/printing technologies, which
has a high material utilization efficiency; (d) the room temperature manufacturing process significantly reduces the
energy input for solar cell production. In addition, OPV
product is non-toxic and environmentally friendly. OPV
also has the advantages of low specific-weight, mechanical
flexibility and easy tunability of chemical properties of the
organic materials, which enables multiple color and semitransparent solar cells [3–5].
The power conversion efficiency (PCE) of OPV has been
a big hurdle for the technology. Figure 1 shows the NREL
certified OPV champion cell efficiency from 2001 (data
was extracted from NREL Best Research-Cell Efficiencies
Chart), which was still below 6% in 2008. Significant improvement was achieved in 2009, when the 7% PCE barrier was broken [6–11]. In July 2010, Solarmer Energy
Inc. reported NREL certified 8.13% in single layer polymer solar cell, indicating OPV entered 8% era. In November 2010, Heliatek GmbH and Institute of Applied Photophysics (IAPP) showcased certified efficiency record of
8.3% with tandem structure in small molecule OPV system [12]. These recent progresses are significant events,
and will further facilitate the pace toward commercialization of this technology.
Unlike inorganic semiconductor materials, organic semiconductor materials are characterized by significantly larger
exciton binding energy of several tenths of electron volts
(eV), resulting from a much lower dielectric constant. Upon
the absorption of light, strongly-localized electron-hole pair
or Frenkel excitons are formed. The tightly bonded excitons
cannot be efficiently dissociated by an external electric field
only. A breakthrough came in 1979, when Tang invented
planar two layer organic photovoltaic cell using copper
phthalocyanine (donor)/perylene tetracarboxylic derivative
(acceptor) heterojunction structure. The paper was later
published in 1986 [13]. Relatively high efficiency of 1%
was achieved, which was far superior to that of early works
of single layer OPV. The donor/acceptor interface was believed to be the site of exciton dissociation, and it was
later recognized that the energy level difference of donor

66

Y. Yuan, J. Huang and G. Li

represents a milestone in the development of polymer solar
cells.
Because of the strong exciton binding energy in organic
materials, organic solar cells work differently than inorganic solar cells. The energy conversion, or photovoltaic,
process in organic solar cell can be separated into a multiple step process [26]. The overall external quantum efficiency ext is a product of four parameters: absorption (A),
exciton diffusion (ED), charge separation (CS) and charge
collection (CC):
EXT ./ D A ./  ED ./  CS ./  CC ./
The charge collection process involves both charge transport within the organic active layer (which is strongly related to the active materials, and the morphology [27–31]
Figure 1. Certified champion power conversion efficiency
of each in multilayer cell or the blend in bulk heterojunction
of organic solar cells from 2001.
cell), as well as the charge extraction from the active organic
layer to the electrodes. The extraction efficiency enhancement is a typical device engineering problem. In single
layer polymer solar cell, research on the interface has led
to inverted polymer solar cells [32] by introducing proper
and acceptor provides the driving force of the dissociation.
n- and p-type interfacial layers which can be reversed to
The application of the donor and acceptor mixture, or bulkchange the polarity of the solar cell.
heterojunction (BHJ), in OPV was first demonstrated by HiUtilizing multiple junction architecture, light harvestramoto in a three layer p-i-n structure, where the i-layer was
ing of different parts of the solar spectrum can be realrealized by vacuum co-deposition of metal-free phthalocyaized. The highest recorded solar cell efficiency using IIInine H2 PC (donor) and another perylene pigment Me-PTC
V semiconductor is 41% PCE tested under concentrated
(acceptor) [14, 15].
light condition. Tandem structure is also important for orIn the polymer side, Yoshino and coworkers first
ganic solar cell research; with the efficiency always bedemonstrated the doping effect of fullerene (C60) in
ing a critical parameter, Brabec et al. performed an analpoly(3-alkylthiophnene) (PAT) in early 1992 by blendysis on tandem OPV and claimed 15% PCE [33] is possiing PAT and C60 [16]. Significant photoluminescence
ble, compare to 10% PCE limit of single layer BHJ OPVs.
(PL) suppression/quenching was observed upon doping,
Generally speaking, small molecule based OPV typically
and electron transfer from polymer chain to C60 was
use a thermal evaporation approach for manufacturing, this
later demonstrated [17, 18]. In the same year, Sarimethod makes building tandem structures easier. However
ciftci et al. independently demonstrated photo-induced elecsolution processable polymer tandem solar cells have also
tron transfer from poly[2-methoxy,5-(2’-ethyl-hexyloxy)-pachieved significant progress within the last few years. This
phenylene vinylene] (MEH-PPV) and C60 buckyball commanuscript will focus on the intermediate layer(s) which enposite [19]. They then demonstrated MEH-PPV and C60
ables the function of the tandem solar cell structure, for both
double layer heterojunction devices (diodes, photodiodes
small molecule and polymer based OPVs.
and PV cells) in 1993. This is also an important period of polymer development for OPV application. Two
teams, lead by Rieke and McCullough, invented regioregular head-to-tail coupled poly(3-alkylthiophene) (RR-P3AT) 2 Review of Experimental Results
[20–22] using two different synthesis routes. Regioregular poly(3-hexylthiophene-2,5-diyl) (RR-P3HT) has been The design of the intermediate layer(s) structure is strongly
the focus point of high efficiency polymer solar cells and influenced by the deposition methods of the subsequent
has only been surpassed in the last couple of years. Effi- subcells. For tandem devices with solution processed seccient bulk heterojunction polymer solar cells were later re- ond or third subcells, the intermediate layer(s) should be
alized by UCSB and Cambridge groups in 1995 in poly- designed to survive the subsequent solution coating. The
mer/fullerene [23] and polymer/polymer [24] systems in- intermediate layer(s) enabling thermal evaporated subsedependently. Currently, the high efficiency polymer solar quent subcells are firstly reviewed. Then, the intermedicell systems are dominated by polymer/fullerene material ate layer(s), enabling solution processed subsequent subcombination. The invention of C60 derivative [6,6]-phenyl- cells are reviewed. Finally, some novel tandem OPVs with
C61 -butyric acid methyl ester (PCBM) [25] by Wudl et al. special intermediate layer(s) are discussed.

Intermediate Layers in Tandem Organic Solar Cells

2.1
2.1.1
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Intermediate Layer(s) for Small Molecule Based Subsequent Subcells
Metallic Intermediate Layer

In 1990, Hiramoto et al. reported the first tandem OPV device [34]. The device consisted of two combined subcells,
both of the subcells consisted of 50 nm of H2 Pc and 70 nm
of perylene tetracarboxylic derivative (Me-PTC). An ultrathin layer of gold (Au) was inserted between the two units
by vacuum deposition, as shown in Figure 2. The open circuit voltage (Voc / of the tandem devices was 0.78 V, which
is a 77% increase in voltage when compared to a single cell Figure 3. Schematic structure of the tandem organic solar
(0.44 V). For a tandem device without the Au layer inserted cell demonstrated by Yahimov et al. [35]. An ultrathin
between the two units, the Voc was even lower than that of a layer of Ag clusters were used as intermediate layer.
single cell. This result shows that the Voc can be sufficiently
improved by the concept of stacking two cells in series.
the cell from being charged. However, the gap states are
suggested to be not as efficient as metal clusters in recombining the charges due to its low charge carrier capture cross
section [35].
For the tandem devices with Ag clusters as the intermediate layer, further research has been carried out in the followed years to understand the influence of the Ag cluster
on device performance. In 2004, Rand et al. investigated
the optical properties of the silver clusters and provided an
explanation for the previous observation that the PCE of
tandem device was improved by a factor of more than two,
as compared to that of a single cell [26, 36]. The optical
Figure 2. Schematic structure of the first tandem organic
field near the Ag clusters was enhanced by the surface plassolar cell demonstrated by Hiramoto et al. [34]. An ultramon resonance and the scattering of photons supported by
thin layer of Au clusters were used as intermediate layer.
Ag clusters. The enhanced incident optical field persists
into the organic layer for a distance of about 10 nm, allowIn 2002, Yahimov and Forrest demonstrated high photo- ing for an increased absorption within the thin organic film
voltage by stacking two, three or five heterojunction cells near the Ag cluster array. The plasmon enhanced absorpin series [35]. Each individual cell consisted of copper tion is helpful in some material systems with small exciton
phthalocyanine (CuPc) as a donor, and 3,4,9,10-perylene diffusion length, such as CuPc and PTCBI, where the active
tetracarboxylic bis-benzimidazole (PTCBI) as an acceptor: layer usually has to be thin, and hence the absorption of the
see Figure 3. In their work, an ultra-thin (0.5 nm average light is not complete.
thickness) layer of silver (Ag) clusters were used as an interThe Ag nanocluster layer was later applied to tandem demediate layer to serve as recombination centers. The maxi- vices with two BHJ by Xue et al. [37]. The BHJ is a mixture
mum PCE of the optimized two-junction and three-junction of CuPC and C60 , and the structure of the device is shown
device was 2.5% and 2.6%, respectively, which were much in Figure 4, where PTCBI and bathocuproine (BCP) were
higher than the maximum PCE of a corresponding single used as the exciton-blocking layer. In this study, the PCE
cell (1.1%). The Voc of these tandem cells at one sun illu- was reported to be 5.7% under one sun condition, which
mination were 0.93 V and 1.20 V for two and three junction was about 15% higher than that of a single cell. A maxidevices, respectively. Meanwhile, the five-junction device mum PCE of 6.5% was suggested in their work if the layer
showed low efficiency (1%) at one sun illumination, and thickness were optimized.
the Voc (1.73 V) was lower than the expected value (2.3 V).
Interestingly, in these tandem devices with a metallic inIn both Hiramoto’s [34] and Yahimov’s [35] research, termediate layer, the Voc of tandem devices are almost the
ultra-thin inert metal layers were used as an intermediate sum of the Voc of each subcells despite the cathode and anlayer. It’s worth noting that, the Voc of the tandem device ode of the top cell consisting of same metals (Au or Ag).
reaches its maximum value when the ultra-thin metal layer Similar phenomenon has been observed in several other
(0.5 nm) is far from continuous. Yahimov suggested that studies [38]. Although the work function difference bethe metal clusters induce defects in the PTCBI energy gap. tween the anode and cathode may limit the Voc of solar cells,
The gap states serve as recombination centers and prevent the “Au/organic/Au” or “Ag/organic/Ag” structure for these
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2.1.2

Electrical Doped Intermediate Layer(s)

In optoelectronic devices based on organic semiconductors, controlled doping of the transport layers has been
fully demonstrated to be an efficient way to achieve highly
conductive transport layer and ohmic contacts at the organic/metal interface. Doping can improve the carrier concentration in the doping region by several orders of magnitude. The high carrier concentration leads to a very narrow
space charge layers near the contact interface and results
in a significantly reduced contact resistance by tens to hundreds of times [44, 45].
In 2004, Maenning et al. studied OPV devices with an
Figure 4. Schematic structure of tandem organic solar
active layer sandwiched between the n-doped and p-doped
cell based on BHJ as active layer demonstrated by Xue
charge transport layers and demonstrated organic tandem
et al. [37].
devices based on multi-stacked p-i-n cells [46]. In their
research, the active layer was a mixture of phthalocyanine zinc (ZnPc) and C60 with a thickness of 30 nm.
For the p-doping, tetra-fluorotetracyano-quinodimethane
(F4-TCNQ) was used as acceptor, and the host material
was N,-diphenyl-N,-bis(3-methyl phenyl)-[1,-biphenyl]-4,diamine (MeO-TPD), which was found to be better than
4,4’,4”-tris-(3-methylphenyl phenylamino) triphenylamine
(m-MTDATA). For the n-doping, rhodamine B chloride
was used as a precursor for a strong donor, the host for
n-doping was C60 , which was the best choice among
1,4,5,8-naphthalenetetracarboxylic-dianhydride (NTCDA),
N,N_-dimethyl-3,4,7,8-naphthalene-tetracarboxylicFigure 5. Energy level diagram of the tandem devices with
diimide (Me-NTCDI) and C60. The conductivity of
Ag intermediate layer proposed by Peumans et al. [26].
p-doped MeO-TPD and n-doped C60 was 105 S/cm
and 104 S/cm, respectively. A discontinuous Au layer
(1.0 nm) was inserted between the two subcells. Several
cases works well. Peumans et al. proposed that dipoles may advantages of using p-i-n tandem solar cells were sugbe formed in organic/metal interfaces at both the anode and gested. First, the transport layer is high conductive after
cathode [26], as illustrated in Figure 5. In this scenario, the doping, therefore the ohmic loss in the transport layers is
Voc is determined by the Fermi energy difference between negligible. The high conductivity enables thick transport
the acceptor and donor materials. Interface dipoles between layer to act as an optical spacing layer (Figure 6), so that
organic semiconductor and metal layers are frequently ob- the active layers of each single cell can be placed at the
served in organic optoelectronic research. The energy shift position with maximum optical field strength. Second, the
induced by the dipoles at the organic/metal interface can ex- electrically doped transport layer can form ohmic contacts
ceed 1.0 eV in some cases [39–41], which is large enough with the Au layer which can avoid energy dissipation
for the origin of Voc .
during the carrier recombination at the intermediate layers.
One of the limitations of the metallic intermediate layer In contrast to Yakimov’s stacked cells [35], here the metal
is caused by the diffusion of metal into the organic sublayer layer alone is not sufficient to form good electrical contact,
during thermal evaporation [37, 38]. This diffusion could and solely doping either side of contact layer adjacent to
lead to a small shunt resistance of the bottom cell reducing the Au layer was found to be not sufficient enough for high
the fill factor (FF) of the whole device. Meanwhile, the forward currents or for good fill factor. As expected, the
metal atoms diffused into the active layer would damage Voc of the tandem device (0.85 V) was improved by an
the organic molecules and form charge traps. Besides, the increase of 89% as compared to that of single device (0.45
low transparence nature of metal layers is another problem. V); the PCE of the tandem device was reported to be 2.4%,
E.g., a thin layer of Au or Ag with a thickness of 10 nm which is about 23% higher than that of a single cell.
Later, using electrically doped transport layer as an opwill lead to a transmission loss of about 40% [42] or 50%
[43] at a wavelength of 550 nm, respectively. To reduce the tical spacer for better light harvesting was further demonoptical loss by the metal layer, the thickness of the metal strated by Drechs et al. [47]. As shown in Figure 7,
the optimized structure results from the optical interferlayer should be as small as possible.
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Figure 6. Schematic diagram of placing the active regions

to the maxima of the optical field by using electrical doped
wide band gap transport layer as optical spacer, demonstrated by Maenning et al. [46].

Figure 7. Power efficiencies for p-i-n tandem solar cells
with different thickness of the spacing layer, demonstrated
by Drechsel et al. [47].

layer were found to be significantly lower than the sum of
the individual cells [48].
ence effect and subcells balancing was indium-tin oxide (ITO)/p-doped MeO-TPD (30 nm)/ZnPc:C60 (1 : 2,
60 nm)/n-doped C60 (20 nm)/Au (0.5 nm)/p-doped MeOTPD (125 nm)/ZnPc:C60 (1 : 2, 60 nm)/n-doped C60
(20 nm)/aluminum (Al). The Voc of tandem devices was
0.99 V which was doubled as compared to the single cell
(0.50 V). The PCE of the tandem devices was 3.8% under
130 mW/cm2 simulated AM 1.5 illumination, which was
an 81% improvement when compared to a single device
(2.1%).
In 2006, Colsmann et al. reported a tandem solar cell
comprising of polymer and small-molecule subcells [48].
In their work, the intermediate layers consisted of two
doped organic semiconductor layers and a thin Au metal
layer. The n-doped layer is lithium doped 4,7-Diphenyl1,10-phenanthroline (Bphen:Li, 8 nm); the p-doped layer
is MTDATA: F4TCNQ (8 nm), and the thickness of Au
metal layer is 10 nm: see Figure 8. The Voc of the tandem device was 0.99 V, which is close to the sum of the
Voc of each subcells (0.57 V for polymer cell and 0.51 V
for small-molecule cell, respectively). However, the PCE
of the tandem device (1.2%) was even lower than that of
the single polymer cells (1.5%). This was explained by
the competition of photon harvesting in both cells due to
the spectral overlap. Besides, the low transparency of the
10 nm Au layer may be another reason. In this work, the
usage of a doped layer on both sides of the Au layer was
also suggested to be mandatory for the operation of the tandem cells. The Voc of all the devices without the doped

2.1.3

All Organic Intermediate Layer(s)

All organic intermediate layers provides advantages such
as excellent optical properties, avoiding metal cluster diffusion into photo active layers and easing of fabrication by
thermal evaporation. Since the conductivity of the transport layer is significantly improved by electrical doping,
it is worthwhile to identify whether the doped intermediate layers can work well without an ultra-thin metal layer.

Figure 8. Schematic structure of tandem organic solar cell
comprising polymer and small-molecule subcells demonstrated by Colsmann et al. [48].
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In Maenning’s work, the tandem device without an Au
layer showed a lower forward current and a reduced fill
factor (from 0.45 to 0.32) [46]. The Au interlayer was
proposed to play a dual role. On one hand, it may hinder the interdiffusion of dopants, which would otherwise
lead to compensated region. On the other hand, it provides gap states that assist the tunneling charges through
the p-n junction barriers. But recently, Schueppel et al. reported p-i-n tandem solar cells with metal-free intermediate layers [49]. In this work, the commonly used p-dopant
F4-TCNQ and n-dopant acridineorange base (AOB) was replaced by NDP9 and NDN1 because of their better processability. The structure of the intermediate layers was C60:
NDN1 (2 wt %, 5 nm)/N,N’-diphenyl-N,N’-bis(4’-(N,Nbis(naphth1yl)-amino)-biphenyl-4-yl)-benzidine (DiNPB):
NDP9 (10 wt %, 5 nm) DiNPB: NDP9 (5 wt %, 0–186 nm):
see Figure 9. The heavily doped DiNPB layer was used for
recombination contact. With this architecture a fill factor of
about 59%, a Voc of 1.06 V and a PCE of 3.8% was observed
in an outdoor measurement.
In 2008, based on a much different conception, Yu
et al. reported a kind of tandem solar cell with an all
organic tunnel junction as the intermediate layer [50].
In their work, a heterojunction of tin dicholophthalocyanine (SnCl2 Pc) (3 nm)/copper hexadecafluorophthalocyanine (F16 CuPc) (3 nm) was used between two solar cells
with ZnPc and C60 as an active material. The structure of
the device can be seen in Figure 10. The Voc of the tandem
device (1.04 V) was reported to be double that of the single cell (0.54 V). The PCE increased from 1.11% to 1.46%.
From the author’s opinion, the carrier concentration at the
heterojunction interface of these non-doped organic films
was much higher than that in bulk. The author proposed
the anisotype heterojunction makes the electron flow from
both SnCl2 Pc and ZnPc layer to F16 CuPc layer by thermal emission. The high electron density accumulated in

Figure 9. Schematic structure of tandem organic solar
cell with all organic intermediate layers demonstrated by
Schueppel et al. [49].

Y. Yuan, J. Huang and G. Li

Figure 10. Schematic structure of tandem organic solar cell
with all organic intermediate layers demonstrated by Yu
et al. [50], the organic intermediate layers were F16 CuPc,
SnCl2 Pc or SnCl2 Pc/F16 CuPc, respectively.

the F16CuPc layer was proposed to improve the tunneling
probability at the F16 CuPc/ZnPc interface.
2.1.4

Metal Compound Based Intermediate Layer(s)

Metal compounds including n-type-like compounds such
as lithium fluoride (LiF) [41, 51], cesium fluoride (CsF)
[52, 53], cesium carbonate (Cs2 CO3 / [54–59] and p-typelike metal oxides such as molybdenum oxide (MoO3 /,
tungsten oxide (WO3 /, vanadium oxide (V2 O5 / have received considerable attention in the organic optoelectronic
research in organic transistor [56], OPV [32,60–63] and organic light-emitting devices (OLEDs) [64, 65] due to their
highly efficient charge injecting (or extracting) properties,
improved stability, high transparence and compatible easyfabrication process (thermal evaporation). So far, intermediate layer(s) with metal compound as the injection layer
have been widely reported in tandem OLEDs [66–68].
In 2007, Janssen et al. reported small molecule and polymer tandem OPV device with intermediate layers of LiF
(0.5 nm)/Al (1.0 nm)/WO3 (3 nm) [42], the high-work function WO3 layer was shown to be more promising than an
Au layer. The structure of the tandem device is shown
in Figure 11. In their work, the thicknesses of the WO3
layer (3 nm) and Au layer (10 nm) have been optimized.
However, the Au film show a transmission of only about
50% in the spectral region from 400 nm to 600 nm, while
the transmission of WO3 in the same wavelength region
was more than 95%. Numerical simulation showed that
the intensity of the light that overlaps with the top cell
can be increased by 50% by using WO3 . The electrical
contact between the intermediate layers and the top cell
have not been discussed in detail, but the WO3 is believed
to able to form ohmic contact with CuPc due to the high
work function of WO3 (reported to be 5.3 eV [56] to
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Figure 11. Schematic structure of tandem organic solar
cell with Al/Au or Al/WO3 as intermediate layers demonstrated by Janssen et al. [42].

6.4 eV [64]), which is larger than Au (5.2 eV) and the
highest occupied molecular orbital (HOMO) of CuPc (5.2
eV). The Voc of tandem device was about 0.6 V, which is
less than the sum of the Voc of the subcells (0.40 V and
0.43 V for small molecule and polymer subcells respectively), this was attributed to the imperfect contact between
the LiF/Al layers and the polymer subcell. The PCE of
tandem device with 3 nm WO3 was found to be about
0.5% higher than that of tandem device with 10 nm Au
layer, at an illumination of 16 to 160 mW/cm2 . A PCE
of about 4.6% was obtained at 16 mW/cm2 by the use of
WO3 .
Later, Zhao et al. reported similar tandem OPV devices
with LiF (0.5 nm)/Al (1 nm)/MoO3 (15 nm) intermediate
layers [69]: see Figure 12. The transmittance of the intermediate layers was about 98%. The bottom cell was a
polymer cell based on P3HT:PCBM, the top cell was small
molecule cell based on CuPC:C60 . The tandem cell here
achieved a Voc of 1.01 V, short circuit current density (Jsc /
of 6.05 mA/cm2 and a FF of 46%, resulting in a PCE of
2.82%. The Voc is close to the sum of the polymer cell
(0.63 V) and the small molecule cell (0.45 V), demonstrating that the LiF/Al/MoO3 intermediate layers form good
contact with both the two subcells. The high work function of MoO3 matches well with the HOMO of CuPc (5.2
eV). In their work, the MoO3 was proposed to behave as
an exciton blocking layer because the band gap of MoO3
(3.0 eV) is larger than that of CuPc (1.7 eV) and P3HT
(1.9 eV) [70]. This will be more attractive if the exciton
blocking effect of MoO3 can be confirmed by experiments.
It is noticeable that Zhao also demonstrated tandem solar
cells with two solution processed polymer subcells using
Al/MoO3 as intermediate layers, which will be discussed
below.
Although the p-type and n-type metal compound can
form ohmic contact with organic cells, so far no results have demonstrated that the ultra-thin metal layer be-

Figure 12. Schematic structure of tandem organic solar cell
with LiF/Al /MoO3 as intermediate layers demonstrated
by Zhao et al. [69].

tween the metal compound layers can be omitted. Lately,
Chen et al. reported tandem solar cells with intermediate
layers of Cs2 CO3 (0.5 nm)/Ag (1.5 nm)/MoO3 (3 nm)
[71]. In this work, the Voc and PCE of tandem device were shown to decrease evidently when the thin Ag
layer was omitted (from 1.21 V to 0.65 V). In previous work [56, 57], it was demonstrated that the formation of ohmic contact at the “organic/Cs2 CO3 /metal” interface is strongly dependent on the formation of “Cs-Ometal” complex. This complex provides a strong dipole
between the organic layer and the electrode, which makes
the Fermi level of the electrode shift toward the lowest unoccupied molecular orbital (LUMO) of organic materials. From this point of view, an Ag layer was required in the case of Cs2 CO3 (0.5 nm)/Ag (1.5 nm)/MoO3
(3 nm) intermediate system. In the cases of devices employing LiF or CsF as interlayer, a metal layer is also
required [41, 42, 69, 72, 73]. The working principles of
LiF and CsF have been reviewed by Hung [41]. Besides, a compensated region was proposed when the ntype metal compound contacts the p-type metal compounds,
which could be another reason for the requirement of metal
layer. [46]

2.2

Intermediate Layer(s) for Polymer Based Subsequent
Subcells

Small molecule based OPV typically uses the thermal evaporation approach for fabrication, so the realization of tandem structures is relatively easier. However, the solution
processed polymer OPV, intermediate layers are required to
protect the bottom cells. Besides, the wettability of the solutions on the existing layer is another practical problem to be
addressed. Despite this, there has been significant progress
for solution processed polymer tandem solar cell in the last
few years.
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the solvent was chlorobenzene. The Voc of the tandem device was 1.17 V, resulting in an 86% improvement when
compared to a single cell. However the PCE of tandem device (2.2%) was similar to that of the single cells (1.9% and
2.4%, respectively), because the Jsc of the tandem device
(<4 mA/cm2 / was lower than that of a single cell (about
5–6 mA/cm2 /. In 2009 Zhao et al. demonstrated a tripletandem solar cell with the same intermediate layers and active layers, where the Voc (1.73 V) was almost triple that of
a single cell (0.62 V) [75].

Figure 13. Schematic structure of the first tandem organic

solar cell consisted of two solution processed subcells by
Hadipour et al. [74].

2.2.1

Thermal Evaporated Metal and Metal Compound
Based Intermediate Layer(s)

The first tandem cell consisted of two solution processed
subcells with complementary absorption was reported by
Hadipour et al. [74]. In their study, composite intermediate
layers were applied to serve as both an ohmic contact electrode and a protecting layer in the subsequent spin coating
process. The intermediate layers were LiF (0.5 nm)/Al
(0.5 nm)/Au (15 nm)/poly(3,4-ethylenedioxythiophene)
oxidized with poly(4-styrenesulfonate) (PEDOT:PSS)
(60 nm). The LiF/Al was used to form ohmic contact
with PCBM and the Au/PEDOT:PSS was used to form
ohmic contact with poly{5,7-di-2-thienyl-2,3-bis(3,5di(2-ethylhexyloxy)phenyl)-thieno
[3,4-b]pyrazine}
(PTBEHT). The bottom cell consisted of poly((2,7(9,9-dioctyl)-fluorene)-alt-5,5-(40,70-di-2-thienyl-20,10,30benzothiadiazole) (PFDTBT) and PCBM in a 1 : 4 ratio,
the top cell consisted of PTBEHT and PCBM in a 1 : 4
ratio, the structure of the device is shown in Figure 13. All
polymers were dissolved in chloroform. The damaging
of LiF/Al by water-based PEDOT:PSS was prevented by
the continuous Au layer (10–15 nm). As expected, a high
Voc of 1.4 V was achieved, which was the sum of the Voc
of the bottom cell (0.9 V) and the top cell (0.5 V). The
PCE of the tandem cell was 0.57%, which is close to the
sum of the PCE of each single cell (0.35% and 0.23%,
respectively). In this work, the smallest thickness of the
Au layer was 10–15 nm. Due to the two semitransparent
metal electrodes, the bottom cell forms an optical cavity. In
order to improve the transmission of the bottom cell in the
wavelength range of 700 to 950 nm (absorption peak of top
cells), the thickness of the bottom cell had to be optimized.
In 2008, Zhao et al. showed an alternative approach to
protect the bottom cell from being dissolved. They used a
thick MoO3 layer as a protecting layer [69]. The intermediate layer consisted of Al (1 nm)/ MoO3 (15 nm). The
active layer of both subcells was a P3HT:PCBM layer, and

2.2.2

Zinc Oxide Based Intermediate Layer(s)

A significantly progress was made by Gilot et al in 2007.
By introducing a solution processed zinc oxide (ZnO) into
organic tandem solar cell, Gilot et al. realized fully solution processed tandem solar cell for the first time [76]. A
ZnO electron transport layer was combined with a neutral PEDOT:PSS layer as the intermediate layer, with the
structure of the tandem device shown in Figure 14. The
ZnO nanoparticles were spin coated from an acetone solution to form a 30 nm thick layer. The electron mobility of the solution processed n-type ZnO layer was reported to be as high as 0.066 cm2 V1 s1 [77]. Since
ZnO could be dissolved by the water based acidic PEDOT:PSS, the PEDOT:PSS was modified to a neutral pH
level. Electron donors P3HT or poly[2-methoxy-5-(3’,7’dimethyloctyloxy)-p-phenylene vinylene] (MDMO-PPV)
was mixed with electron acceptor PCBM and was spin
coated from a chlorobenzene solution to form an active
layer. The ZnO/PEDOT:PSS intermediate layer did not
damage the bottom cell and was able to protect it during the
subsequent spin coating process of the top cell. This is an
efficient and practical method to manufacture multiple junction all solution processed polymer solar cells. For demonstration, the author also fabricated tandem solar cell consisting of three subcells with a Voc of 2.19 V. For the two cells
tandem OPV device with MDMO-PPV:PCBM as the bottom cell and P3HT:PCBM as the top cell, the Voc (1.34–1.38
V) was less than the sum of that of two single cells (0.75–
0.84 V). The authors attribute this to the non-ohmic contact
ZnO/PEDOT:PSS interface. In their work, the Voc was improved to 1.53 V by exposing the ZnO layer to UV light,
which can be explained by the increase in charge carrier
concentration within the ZnO layer after the photo-doping
process [78, 79]. A similar improvement was observed
when the Ag metal cluster was used at that interface. This
all solution processed multijunction solar cell is a promising big step for practical applications. Recently, Gilot et
al. improved the tandem OPV device to 4.9% PCE with
ZnO/neutral PEDOT:PSS as the intermediate layer [80].
The use of ZnO combined with PEDOT:PSS requires a
pH neutral PEDOT:PSS. Recently however, Moet et al. suggest the neutralization process will lead to a reduced work
function of the PEDOT:PSS [81]. In their work, the acidity
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Figure 14. Schematic structure of the tandem organic solar
cell with ZnO based intermediate layers demonstrated by
Gilot et al. [76]. For the active layers, thin films of a blend
of P3HT:PCBM (1 : 1) and MDMO-PPV:PCBM (1 : 4)
were used.

of the highly conductive PEDOT:PSS dispersion (Clevios
PH500, PEDOT:PSS ratio 1 : 2.5 by weight, H. C. Starck)
was modified systematically by the addition of a 1 : 8 dilution of 2-dimethylaminoethanol (DMAE, Aldrich) in water. It was found that the work function of the 45 nm
PEDOT:PSS film decreased by 0.5 eV when the acidity
changed from a pH level of 1.9 to a pH level of about
2.5, and then it showed a further decrease of about 0.2
eV when the acidity changed to pH level of 7. When
poly[9,9-didecanefluorenealt-(bis-thienylene) benzothia diazole] (PF10TBT) mixed with PCBM was used as an active layer in the subcells, the Voc of the tandem device
with the neutral PEDOT:PSS (1.5 V) was less than expected (2 V). The reduced Voc was directly attributed to
the reduced work function of PEDOT:PSS. Moet reported
a method to recover the work function of PEDOT:PSS in
their work. A pure Nafion layer was spin coated on top
of the PEDOT:PSS layer to form a ultra-thin layer of mixture of Nafion and PEDOT:PSS, which had an improved
work function of 5.7 eV [82]. This ultra thin acid mixture
layer (pH 3.4) was blocked by a neutral PEDOT:PSS layer
and hence would not damage the underlying ZnO layer.
The tandem device with reformulated ZnO/PEDOT:PSS intermediate layers exhibited a improved Voc of 1.92 V and
a FF of 0.61, demonstrating an ohmic contact at the PEDOT:PSS/PF10TBT interface.
2.2.3

Titanium Oxide Based Intermediate layer(s)

In 2007, Kim et al. reported a highly efficient tandem solar cell with titanium oxide (TiOx //PEDOT:PSS as intermediate layers [83]. It is considered a breakthrough in solution processed tandem solar cell research with a PCE of
6.5% being reported. The inorganic TiOx layer can form
barriers against physical or chemical damage during the
subsequent solution processing, and it is robust to slow
down the permeation of oxygen and moisture. In con-

Figure 15. Schematic structure of the highly efficient tandem organic solar cell with TiOx based intermediate layers
demonstrated by Kim et al. [83].

trast to ZnO nanoparticles, the TiOx layer is insensitive
to the acidity of the PEDOT:PSS. It provides large freedom in the design of solution processed multijunction devices. The TiOx layer was fabricated by a low temperature
sol-gel process (a temperature of 150 ˚C was required for
annealing), which is compatible with the annealing of the
polymer:PCBM blends. The Ti : O ratio studied by XPS
was found to be 1 : 1.34 and the electron mobility of this
TiOx film was about 1.7  104 cm2 V1 s1 [70]. The
LUMO (conduction band) and HOMO (valence band) of
the TiOx film is 4.4 eV and 8.1 eV, respectively. The large
bandgap of the TiOx allows it behaviors as an excellent hole
and exciton blocking layer. The cross section transmission
electron microscopy images of the polymer tandem solar
cell show that there is no interlayer mixing (Figure 15).
In their work, low bandgap polymer poly[2,6-(4,4-bis-(2ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’] dithiophene)-alt4,7-(2,1,3-benzothia diazole)] (PCPDTBT) mixed with
PCBM was used as the active layer of the bottom cell, the
P3HT: PCBM was used as the active layer of the top cell.
The two subcells possess complementary absorption spectrums from 300 nm to 900 nm. As expected, Kim et al.
achieved a tandem device with a Voc of 1.24 V, Jsc of 7.8
mA/cm2 , and a FF of 0.67, result in a PCE of 6.5%.
Similar
to
ZnO/PEDOT:PSS
interface,
the
TiOx /PEDOT:PSS intermediate layer was found to be
non-ohmic contact. Sista el al. have studied tandem solar
cells with Al (0.5 nm)/TiOx (20 nm)/PEDOT:PSS (50 nm)
intermediate layers and found that the devices show a significant S-shape near the Voc point [84]. Previous research
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Figure 16. Schematic structure of tandem organic solar cell
with TiOx based intermediate layers demonstrated by Sista
el al. [84].

revealed that the S-shape curve could be derived from an
interfacial barrier [85]. However, when the device was
illuminated with UV photons, the S-shape disappears. The
UV-induced Schottky-to-Ohmic transition was explained as
follows: the PEDOT:PSS (VP AL 4083 from H. C. Stark)
is a heavily p-doped conducting polymer and hence can
be considered as a metal, therefore the TiOx /PEDOT:PSS
interface forms a typical triangular barrier, as shown
in Figure 16. A wide triangular barrier resulting from
the relatively low carrier concentration of the pristine
TiOx layer hinders the charge extraction and leads to an
S-shape curve. After exposure to UV light, the free carrier
concentration in the TiOx layer increased significantly,
leading to a much narrowed triangular barrier width. In this
situation, the tunneling of electrons through the thin barrier
becomes efficient and the TiOx /PEDOT:PSS contact turns
to be ohmic.
It is worth noting that, in Sista’s work [84], a 10 nm layer
of TiOx :Cs was inserted between the Al cathode for a more
efficient electron extraction. In 2009, Park et al. reported
Cs-doped anatase TiOx layer and obtained an improved
polymer/electrode contact in both polymer solar cell and
light emitting devices by the use of the TiOx :Cs layer [86].
The TiOx :Cs layer was fabricated by mixing a Cs2 CO3
solution with a nanocrystalline TiOx solution, where the
nanocrystalline TiOx was synthesized by the sol-gel process [87]. XPS studied showed that there is a charge transfer between the TiOx and the Cs. As a result the LUMO
of TiOx is modified from 4.2 eV to 3.9 eV by Cs-doping,
which is more desirable for efficient electron extraction.
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Figure 17. Schematic structure of tandem organic solar cell
with sputtered ITO layer as intermediate layers demonstrated by Sakai et al. [95].

cles as well as high temperature. Despite this, sputtering
ITO or indium-zinc oxide (IZO) on organic layers has been
achieved in organic light emitting device research [88–93]
by using low plasma power density at room temperature,
and by restraining the bombardment effect as much as possible.
In 2006, Kawano et al. reported an organic tandem solar
cell with ITO/PEDOT:PSS as intermediate layers [94]. The
ITO layer was deposited by dc magnetron sputtering in 1
Pa argon without substrate heating. The argon in the chamber with a pressure of 1 Pa can reduce the bombardment
effect [90, 91, 93]. The active layer of both the two subcells was poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4phenylene vinylene] (MDMO-PPV) blended with PCBM
with a ratio of 1 : 4. In their work, the device with 20 nm
of ITO shows slightly better performance than the device
with 100 nm of ITO, indicating that the 20 nm ITO is thick
enough to prevent the bottom cell from dissolving. The Voc
of the tandem device with 20 nm of ITO (1.34 V) was only
60% times higher than that of single device (0.84 V). The
PCE of the tandem device was 3.1%, which was about 35%
higher than that of a single device (2.3%). The reduced Voc
was mainly attributed to the high work function of ITO (4.9
eV), which leads to an energy loss during the charge recombination at the PCBM/ITO interface. Recently, Sakai
and Kawano modified the PCBM/ITO layer with 0.5 nm
LiF [95]: see Figure 17. However the Voc of the tandem device (1.14 V) was still less than the sum of the Voc of each
single cell (0.7 V and 0.58 V, respectively), showing that the
0.5 nm LiF can not shift the Fermi level of the ITO toward
the LUMO of PCBM efficiently.
2.2.4 Sputtered Intermediate Layer(s)
In 2009, Lee et al. reported tandem OPV devices with
As a widely used transparent conducting material, ITO was IZO based intermediate layer [96]. The reason for the aualso used as an intermediate layer. However, traditional RF thor to choose IZO is that it can provide a higher consputtering processes of ITO damages the underlying organic ductivity and transmittance than ITO when deposited at
layers by the bombardment effect of the energetic parti- room temperature [97]. The IZO was deposited by facing-
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target sputtering technique to minimize the damage effect. In order to avoid Voc reduction by the high work
function of the IZO, a very thin layer of LiF, Rubidium carbonate (Rb2 CO3 /, or Cs2 CO3 was inserted between IZO and the bottom cell. The structure of the tandem device was ITO/PEDOT:PSS (40 nm)/P3HT:PCBM
(120 nm)/interlayer/IZO (50 nm)/CuPc (20 nm)/C60
(20 nm)/BCP (10 nm)/Al. For comparison, the function
of LiF, Rb2 CO3 , or Cs2 CO3 interlayer at the IZO cathode
was investigated. The 0.5 nm LiF interlayer can not change
the IZO layer to become a good cathode and leads to a
S-type shaped I–V curve, which is consist with Sakai and
Kawano’s results [95]. In contrast, the 1 nm alkali carbonate interlayer leads to an ohmic contact at the PCBM/IZO
interface. The Voc of the tandem device with alkali carbonate/IZO intermediate layers was 0.96 V, which was close to
the sum of the Voc of each single cell. However, in their experiments, the IZO surface was treated by UV ozone for 10
minutes before the deposition of the top cell. The exposure
of the device in the UV ozone is harmful to the polymer
layer of the bottom cell. In addition, the very thin LiF or alkali carbonate layer cannot protect the bottom active layer
from sputter damage. Therefore further improvements can
be expected, e.g. by combining it with an inverted solar cell
introduced in 2006 [32], since the hole transport layer (transition metal oxide or PEDOT:PSS) thickness can be much
thicker without reducing cell efficiency.
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termediate layers to have much higher lateral conductivity.
As mentioned in Peumans’s work [26], a sheet resistance of
the intermediate electrode should roughly be less than 25
/square to avoid considerable energy loss. In Hadipour’s
work, metal electrode like symb (Sm) (3 nm)/Au (12 nm)
and Au (20 nm)/PEDOT:PSS (50 nm) was used to ensure the conductivity of the middle electrodes. However
the transparency of the intermediate layer is low when the
metallic layer is used. As to the electrical connection of the
two subcells, the author compared the series connection and
parallel connection and found the parallel connection provided a higher output. Interestingly, from Shrotriya’s work
[99], the PCE of tandem devices with parallel connection
is also found to be higher than that of devices with series
connection.
In 2010, Sista reported tandem solar cell with a threeterminal structure, where the two subcells were connected
in parallel [100]. The three-terminal device is proposed
to be relatively simple and straight forward. In this case,
the middle electrode was the common anode or cathode for
each cell, which means one of the subcells should be an inverted cell. In the common cathode case, the author used
TiOx :Cs/Al (3 nm)/Au (12 nm)/ TiOx :Cs as the intermediate cathode. The ultra-thin Al layer was used to prevent the
penetration and diffusion of Au atoms into the bottom cell.
The UPS results show that the work function of Au layer
was shifted to 3.5 eV by the TiOx :Cs layer. In the common anode, PEDOT:PSS/Au (12 nm)/V2 O5 was used as the
intermediate anode. Due to the fact that direct contact between Au and organic layers often leads to a surface dipole
2.3 Intermediate Layer(s) in Novel Tandem OPV Devices
layer and results in an increased barrier [41, 101], a high
In the tandem solar cells discussed above, the subcells are work function V2 O5 layer was used to modify the Au surelectronically coupled in series, such architectures result in face. The active layer of the subcells were P3HT:PC70 BM
an evident dependence of the PCE on the current match layer and a PSBTBT:PC70 BM layer: see Figure 19. The
of the individual cells. Alternatively, some novel multi- common-anode architecture exhibited higher performance,
terminal tandem devices were proposed.
In 2007, Hadipour et al. reported a novel polymer tandem solar cell with four terminals, in which the two sub
cells are separated by a solution-processed insulating optical spacer with a tunable thickness [98]. The device structure is shown in Figure 18. The main purpose of this work
was to decouple the electrical and the optical optimization
of the devices and hence obtain tandem devices with improved performance. The thickness of the functional layers
in each cell can be optimized for its electrical performance.
The two subcells can be connected in series or in parallel, or
even working separately, which is beneficial to make good
use of the photocurrent from each cell. However, the major problem of achieving this kind of device is still the design and fabrication of the intermediate layer. Unlike the
two-terminal devices, in which the electron current and hole
current from top and bottom cell only transport several tens Figure 18. Schematic structure of four terminals tandem
of nanometer to neutralize with each other in the intermedi- organic solar cell demonstrated by Hadipour et al. [98],
ate layers, the current in four-terminals tandem device has where the two subcells can be connected either in series or
to transport laterally over a long distance. This requires in- in parallel.
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Figure 19. Schematic structure of three terminals tandem organic solar cell demonstrated by Sista et al. [100],
where the two subcells were connected in parallel, the
PEDOT/Au/V2 O5 or TiO2 :Cs/Al /Au/ TiO2 :Cs were used
as common anode or cathode.

with a Voc of 0.60 V, a Jsc of 15.1 mA/cm2 , a FF of 52%,
and a PCE of 4.8%. Here the Jsc is the sum of the Jsc of
each cell (10.1 mA/cm2 and 5.2 mA/cm2 , respectively). Interestingly, the author found that, in the parallel case, the
FF of the tandem device is mainly depended on the FF of
the subcell with larger photocurrent. This characteristic is
much different from that of a “series tandem” device, in
which the FF was proven to be mainly determined by the
device with lower photocurrent [102, 103]. This provides a
different approach in the optimizing of the tandem device.
In 2009, Tanaka et al. demonstrated tandem solar cells
with multi-wall carbon nanotube (MWCNT) as the common anode [104]. The device structure is shown in Figure 20. MWCNT have attracted lot of attention due to their
high conductivity, high transparence and excellent mechanical properties. The work function of MWCNT is around
5.2 eV, which makes it suitable to be an anode. In their
work, the sheet resistance of the MWCNT sheet was around

Figure 20. Schematic structure of three terminals tandem
organic solar cell with MWCNT as intermediate layer
demonstrated by Tanaka et al. [104].

Figure 21. Schematic structure of tandem organic solar
cells consisted of vertically stacked semitransparent solar
cells demonstrated by Shrotriya et al. [99].

500–700 /square, and the transparency of the MWCNT
sheet was >85% for perpendicular polarization, >65% for
parallel polarization. The MWCNT was grown by chemical vapor deposition to form oriented MWCNT forest. The
20 μm thick MWCNT sheet was transferred to the top of
the bottom cell by dry drawn and then densified into a 50–
100 nm sheet. The MWCNT sheet was sandwiched by two
PEDOT:PSS layers to form the intermediate anode. The
PEDOT:PSS was used to platen the MWCNT sheet and to
increase the effective contact area. However, the Jsc of the
tandem device (2.6 mA/cm2 / was close to that of single
cells (2.3 mA/cm2 /; The PCE of tandem device (0.31%)
was comparable with single cell (0.3%). The FF of the tandem cell and single cell was less than 30%. The low performance was mainly attributed to the bad physics contact
between MWCNT sheet and organic layers. Also, the resistance of the MWCNT sheet should be further reduced since
the current passing through it is the sum of that in ITO and
metal electrodes.
As discussed above, the main merits of employing tandem architecture are: (a) enhancing the light harvesting by
the multiple junction architecture; (b) breaking the 10%
PCE limit of OPV by combining photoactive materials with
different band gaps to make full use of the photon energy
[33]. Vertically stacking semitransparent solar cells together can also provides an enhanced light harvesting and
higher efficiency up-limit. Shrotriya et al. reported a stacking device with improved light harvesting [99], where the
two cells were fabricated on different substrates and one of
them was capped by a semitransparent cathode, as show in
Figure 21. The Jsc or Voc can be summed depending on
the connection configuration. In this study, the cells con-
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Figure 22. Scheme for the lamination method to fabricated semitransparent solar cell and photograph of laminated semitransparent device demonstrated by Huang et
al. [105].
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formance device. For conventional tandem devices with
subcells connected in series, the intermediate layers should
enable efficient charge recombination to prevent the subcells from charging. Ohmic contact between the intermediate layers and the photoactive layers is required to minimize the energy loss when charges entering the intermediate layers from photoactive layers. Otherwise, the total
Voc is generally less than the sum of the Voc of each subcell. In addition, a high transparency intermediate layer is
always desired. The current balance of the subcells is also
of most important factor to be considered in the designing
of efficient tandem cell. In tandem devices with unbalanced
current from subcells, the high current cell would be consumed to charge the low current subcell, and hence reduce
the overall photocurrent of tandem devices. In solution processed tandem OPV devices, the intermediate layers should
be able to suffer from subsequent solution process and protect the bottom cells. Despite of all these constrain, several categories of intermediate layers have been successfully demonstrated and studied in the last two decades. Efficient tandem solar cells with a PCE of 5–8% have been
achieved in the last few years. In the past few years, there
has been a significant progress in the design and synthesis
of new low bandgap polymers which produces quiet efficient single layer devices. The combined fast progress of
both organic active materials [6–11] and the device engineering like tandem architecture will eventually define the
success of the OPV technology.

nected in parallel show a slightly higher PCE than cells connected in series (2.5% versus 2.4%). The performance of
this tandem solar cell is mainly determined by the transmittance of the semitransparent electrode, which needs to be
thick enough as charge collecting electrode. In Shrotriya’s
work, several kinds of metallic multi-layers were compared
as the semitransparent cathode. LiF (1 nm)/Al (2.5 nm)/Au
(12.5 nm) semitransparent cathode shows the highest transmittance of 75% at the peak absorption wavelength of the References
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